Caenorhabditis elegans, Scribble in Drosophila melanogaster, and Erbin, Lano, Densin-180 and hScrib in mammals, have conserved structural features. LET-413 and Scribble are junctional proteins involved in establishing and maintaining epithelial cell polarity. scribble also behaves as a neoplastic tumor suppressor gene. We show here that, in epithelial cells, hScrib is recruited at cell-cell junctions in an E-cadherin-dependent manner as shown by calcium switch assays in MDCK cells, re-expression of E-cadherin in MDA-231 cells treated by 5-Aza-2 0 -deoxycytidine (5Aza), and siRNA experiments. hScrib is restricted at the basolateral membrane of epithelial cells by its LRR domain, and is enriched in Triton X-100-insoluble fractions. In breast cancers, most lobular tumors did not express hScrib and E-cadherin while ductal tumors had a less frequent downregulation of hScrib. Our data provide additional insights on the modalities of recruitment of hScrib at the cell-cell junctions, and establish a potential link between the E-cadherin and hScrib tumor suppressors.
Introduction
Function and structure of epithelial tissues have been highly conserved during evolution. Homeostasis of epithelial tissues not only relies on differentiating proliferative and survival signals but also on cytoplasmic scaffolding proteins building and maintaining its highly organized cytoarchitecture (Nelson, 2003) . Mature epithelial cells have a polarized architecture required for their function as barrier and filter for small molecules, and display a distinct apical membrane in contact with fluids, intercellular lateral membranes and a basal membrane connected to extracellular matrices. Subapical tight junctions (TJs) and lateral adherens junctions (AJs) seal adjacent cells and are built by protein networks comprising cell adhesion molecules such as E-cadherin connected to the actin cytoskeleton through adaptor molecules (a-catenin, ZO-1).
Abnormal epithelial cytoarchitecture is frequently observed in carcinoma. It can be secondary to deregulation of signaling pathways or provoked by loss of key players of epithelial polarity. Downregulation of Ecadherin, a homophilic and Ca 2 þ -dependent adhesion molecule required for AJs formation, by gene promoter hypermethylation or mutations is associated with increased invasiveness of tumor cells (Berx and Van Roy, 2003) . Deregulation of E-cadherin-associated pathways provokes a similar phenotype. Conditional a-catenin knockout mice display loosen epithelial junctions in the skin and develop carcinoma-like tumors (Vasioukhin et al., 2001) . In humans, the loss of the cell polarity Nf2 and Lkb1 mastergenes is responsible of the formation of Schwannomas and Peutz-Jeghers cancer syndromes, respectively (Lallemand et al., 2003; Baas et al., 2004) .
In non vertebrates, the loss of crucial actors of cell polarity similarly affects epithelial homeostasis. Studies in Drosophila have unravelled a Discs Large (Dlg)/ Lethal giant larvae (Lgl)/Scribble pathway important for establishment and maintenance of epithelial polarity. Flies deficient for dlg, lgl or scribble display abnormal epithelial cell polarity and have an overgrowth of epithelial cells of imaginal discs leading to neoplasia. Studies of dlg and lgl have demonstrated the conservation of structure and tumor suppressive function between fly and mammalian proteins (Bilder, 2004) .
Scribble belongs to the LAP protein family for LRR and PDZ as the members contain 16 amino-terminal LRR and PDZ domains . In mammals, three LAP proteins have been extensively described to date. Densin-180 was first described as a neuronal-specific LAP protein linked to calmodulin kinase II and a-actinin (Walikonis et al., 2001) . Erbin, a close homologue of Densin-180, has a more ubiquitous expression, and binds to the tyrosine kinase receptor ErbB2, and to p0071, a p120-catenin-related protein (Borg et al., 2000; Huang et al., 2001; Jaulin-Bastard et al., 2002; Ohno et al., 2002) . Erbin and Densin-180 are homologues of LET-413 in Caenorhabditis elegans, a LAP protein required for epithelial integrity (Legouis et al., 2000) .
We have characterized hScrib (originally for human Scribble but now widely used for mammalian Scribble), the mammalian homologue of Drosophila Scribble, at the biochemical and cellular levels in cultured cell lines and tissues. We show that the modular organization and the subcellular localization of this LAP protein are well conserved from flies to humans. We demonstrate the role of the LRR motifs in hScrib basolateral targeting and the requirement of E-cadherin engagement for this localization to proceed. We also reveal a contribution of the most carboxy-terminal part of hScrib in the anchoring at the cell cortex. Expression of hScrib in breast cancers was also evaluated. The close similarities at the structural and subcellular levels between mammalian and Drosophila Scribble support a conserved role of this LAP protein in the physiology of epithelial tissues.
Results

Characterization of hScrib in epithelial cells
LAP proteins contain a conserved amino-terminal region with 16 LRR followed by two LAP-specific domains (LAPSD a and b) with unassigned functions (Figure 1a ) . hScrib has four class I PDZ domains 29 to 36% identical to Erbin and Densin-180 PDZ domains and 56 to 58% identical to Drosophila Scribble PDZ domains.
A rabbit antibody directed against hScrib detected HA-tagged hScrib, but not a control protein, expressed in COS cells (Figure 1b) . Endogenous hScrib run at the same molecular mass (B220 kD) as HA-hScrib. Specificity of our antibody was proven on Caco-2 protein extracts expressing the three epithelial LAP proteins, that is, hScrib, Erbin (180 kD) and Lano (62 kD). Each LAP protein was recognized by its corresponding antibody in Western blot analysis (Figure 1c) . A commercially available goat anti-hScrib antibody (hScrib1) detected hScrib similarly to our rabbit antibody. A bispecific monoclonal antibody (mAb-8.1) recognizes Lano and hScrib in Western blot (Figure 1c) . hScrib was found in a wide range of mouse tissues including the liver (Figure 1d ), brain, kidney and spleen (data not shown).
hScrib is a basolateral protein in epithelial cells PDZ domain proteins have usually a restricted localization in cells (Nourry et al., 2003) . C. elegans LET-413, Erbin and Drosophila Scribble are retained at the basolateral membrane of polarized epithelial cells, and Scribble associates with the septate junctions homologous to the mammalian TJs (Bilder and Perrimon, 2000; Borg et al., 2000; Legouis et al., 2000) . To determine the localization of hScrib in epithelial cells, we performed immunostaining experiments and confocal sections of permeabilized cultured cells. hScrib was found at the cell-cell junctions of MCF10-2A, Caco-2 and MDCK cells, and was mostly excluded from the free edge of clustered cells (Figure 2a ). An intracellular vesicular staining was also frequently observed. In polarized MDCK cells, hScrib was located at the basolateral side of cells where it colocalized with bcatenin, a marker of AJs (Figure 2b ). hScrib was mostly excluded from the apical surface in contrast to gp114 antigen (data not shown), and from the TJs stained with anti-ZO-1 antibody (Figure 2c) .
We next performed fractionation on Caco-2 and MDCK cells to define in which compartment hScrib is enriched. hScrib was less present in the Triton X-100-soluble fraction than Erbin and Lano (Figure 2d ). High amounts of hScrib remained resistant to the Triton Lysates were run on a 7.5% SDS-PAGE and proteins were transferred on a nitrocellulose membrane, and detected with anti-HA and anti-hScrib antibodies. Anti-hScrib antibody recognized HA-hScrib but not the control protein (right). hScrib is a B220 kD protein present in COS cells (asterisk) that comigrates with HA-hScrib (arrowhead). (c-e) Total extracts of cells or tissues were Western blotted and revealed with the mentioned antibodies. Antibodies are as follows: rabbit anti-hScrib (hScrib) and anti-Erbin (Erbin); goat anti-Scrib (hScrib1) and a monoclonal anti-Lano (mAb-8.1) antibody that recognizes Lano and hScrib (c) hScrib, orthologue of the Drosophila suppressor gene C Navarro et al X-100 extracting buffer, evoking an association with the actin cytoskeleton or the lipid rafts. hScrib is thus a basolateral protein in polarized epithelial cells mainly attached to Triton X-100-resistant fractions.
Expression of hScrib in tissues
To confirm the results obtained in cultured cells, we performed immunostaining on human tissues and determined the distribution and subcellular localization of hScrib. Expression of hScrib protein was low in the kidney, skeletal muscles, liver, lung (data not shown) and high in the breast, intestine, placenta and skin ( Figure 3 ). Positive staining for hScrib was mostly found in epithelial cells while Erbin decorated epithelial, endothelial cells as well as hematopoı¨etic cells (data not shown). hScrib was clearly restricted to the basolateral membrane of epithelial intestinal cells and excluded from the apical side ( Figure 3 ). Cytoplasmic staining was also observed in cells expressing high levels of hScrib.
To refine our observations, we used immuno-electron microscopy on frozen sections of human colon. hScrib was mainly observed at the lateral plasma membrane with a higher concentration in the AJs (Figure 4a ). Some vesicular structures in the cytoplasm were positive for hScrib (data not shown), reflecting probably the cytoplasmic vesicular pattern seen by immunohistochemistry ( Figure 3 ). Colocalization between hScrib and occludin, a TJ marker, was observed in colonocytes, although in a proportion that suggests a very weak association of hScrib to these subapical structures ( Figure 4b ).
Leucine-rich repeats restrict hScrib to the basolateral epithelial membranes
Association of PDZ proteins with the cell cortex are mediated by various protein-protein interaction domains (Lee et al., 2002; Benton and St Johnston, 2003; Mizuno et al., 2003) . We used GFP-tagged constructs ( Figure 5a ) to map the region(s) of hScrib involved in membrane targeting. GFP-hScrib has the same basolateral localization as endogenous hScrib in MDCK cells (Figures 2 and 5b) . Cell fractionation confirmed the presence of GFP-hScrib in the same fractions as endogenous hScrib (Figure 5c ). Overexpression of the protein probably explains the presence of GFP-hScrib in the hypotonic fraction. GFP-hScrib 1-724 was restricted to the lateral membrane of polarized cells and colocalized with endogenous hScrib (data not shown) and b-catenin (Figure 5b ). GFP-hScrib 717-1630 had a more ubiquitous distribution, in the cytoplasm and at the plasma membrane. High levels of expression of GFP-hScrib may again explain the observed cytoplasmic staining (Figure 5c ). Both GFP-hScrib 1-724 and GFP-hScrib 717-1630 , GFP-hScrib LRR (residues 1-518) was targeted to the basolateral epithelial membranes (data not shown). GFP-hScrib and GFP-hScrib PDZ (residues 717-1229) showed some membrane localization but less than GFP-hScrib LRR (Figure 5b ). GFP-hScrib was not restricted to the membrane (data not shown). We recently found that the LRR region is responsible for the basolateral localization of Erbin and LET-413 in epithelial cells. Point mutation of a conserved proline (P305) to leucine in the LRR (PL mutation) (Legouis et al., 2003) abrogates the recruitment of LET-413 at the plasma membrane. Similarly, mutation of this proline to leucine in hScrib (GFP-hScrib PL mutant) led to the mislocalization of the protein to the cytosolic fraction (Figures 5b and c) . The LRR region thus serves as anchor for hScrib to associate with the Triton X-100-soluble and -insoluble fractions. Two reports have recently confirmed that the LRR of Drosophila Scribble are required for the targeting and the function of Scribble in neuroblasts and epithelia and that the Cterminal region encompassing the PDZ domains are also important in this process (Albertson et al., 2004; Zeitler et al., 2004) . These findings strengthen our hypothesis that the LRR are the primary determinant of retention at the junctions, and that the C-terminal part may reinforce this localization. The strong effect of the P305L mutation probably reveals a more complicated role of the LRR than a targeting domain. A plausible explanation is that the LRR also drive signaling events important for the function of hScrib. By interfering with such a signal, expression of the P305L mutant may preclude the C-terminal region to properly function.
E-cadherin-dependent recruitment of hScrib at the cell-cell junctions
Although hScrib decorates the plasma membrane of contacting epithelial cells, we observed a lack of recruitment at the free edges of nonpolarized MCF-10.2A, Caco-2 and MDCK cells (Figure 2a ). The same result was obtained when GFP-hScrib (data not shown) and GFP-hScrib 1-724 ( Figure 6a ) localization was studied in MDCK cells suggesting that the LRRs are positioned at the plasma membrane only when cell-cell contacts occur.
We hypothesized that the engagement of E-cadherin is required for addressing hScrib at cell-cell contacts. In calcium switch assays, the disengagement of E-cadherin by prolonged incubation of confluent MDCK cells in low calcium medium led to cell rounding, disappearance of cell-cell junctions, and delocalization of b-catenin and hScrib (Figure 6b , no calcium). Addition of medium supplemented in calcium reinstalled cell-cell junctions and provoked the recruitment of b-catenin and hScrib at the junctions after 3 h. Similar results were obtained for GFP-hScrib (data not shown) and GFP-hScrib ( Figure 6c ). In contrast, GFP-hScrib PL was still found in the cytoplasm after 6 h in the presence of calcium. GFPhScrib had an intermediary phenotype as the protein was relocated at the junctions after 6 h. These data demonstrate that hScrib is retained by its LRR region to cell-cell junctions upon engagement of E-cadherin.
To demonstrate the role of E-cadherin in this process, we used the MDA-231 breast cancer cell line that expresses low amounts of E-cadherin. In these cells, the CDH1 gene is repressed due to the hypermethylation of its promoter (Graff et al., 1995) . MDA-231 cells were treated with the 5Aza demethylating agent for 4 days. A small population of treated cells (5%) acquired an epithelial phenotype (in contrast to the fibroblastic phenotype of untreated cells) and re-expressed Ecadherin. Like b-catenin, hScrib was localized at cellcell junctions in cells re-expressing E-cadherin (Figure 7) . Cell fractionation and immunofluorescence experiments were also performed on E-cadherin-positive or -negative fibroblasts. Only E-cadherin-positive cells formed clusters and recruited hScrib at cell-cell junctions (Supplementary Figure S1) . We also used E-cadherin siRNA in Caco-2 cells to directly address the requirement of E-cadherin for hScrib recruitment at the basolateral membrane. While the transfection of a p75 siRNA (control siRNA) had no effect on E-cadherin expression and on hScrib localization, expression of E-cadherin siRNA provokes a decrease of E-cadherin levels and a subsequent decrease of hScrib staining at the basolateral membrane (Figure 8a ). This effect is not secondary to a total loss of cell polarity since the localization of the TJ-associated Patj marker is not affected (Figure 8b ). We have thus compelling evidences that E-cadherin is required for hScrib localization at the cell-cell junctions.
Loss of E-cadherin and hScrib in lobular breast cancers
To examine whether our results have any relevance in oncogenesis, we studied the expression of hScrib and E-cadherin in breast cancer. Samples from a series of 547 consecutive cancer patients were arrayed in tissue microarrays (TMA) and studied using immunohistochemistry (IHC). Of the 547 cases studied, 238 were available for hScrib and E-cadherin staining. Examples of staining are shown in Figure 9 and the results are summarized in Table 1 . As a consequence of gene mutations, deletions, hypermethylation or post-translational mechanisms, E-cadherin loss-of-function occurs in the majority (85%) of lobular carcinomas, a specific type that accounts for about 15% of breast cancers (Droufakou et al., 2001; Strathdee 2002 ). In ductal carcinoma, which is the major type of breast cancer, alterations of E-cadherin are less frequent. As expected, we found that E-cadherin expression was normal in the vast majority of ductal carcinomas (97%) and absent in about two-thirds of the lobular cases (67%) (Po0.000001). Strikingly, hScrib expression was absent in most lobular carcinomas (81%) (Po0.01). When considering only lobular carcinomas, negative expression of hScrib was even more frequent than that of hScrib, orthologue of the Drosophila suppressor gene C Navarro et al E-cadherin. Nevertheless, there is not a strict correlation between the loss of hScrib and and the loss of E-cadherin (or b-and a-catenin) since some tumors were positive for hScrib and negative for E-cadherin. These results show that hScrib and E-cadherin behave similarly in lobular carcinomas.
Discussion
During embryogenesis, Drosophila Scribble is a basolateral protein that becomes associated to the septate junctions in epithelia (Bilder and Perrimon, 2000) . Like Erbin and Lano, hScrib is tightly associated with the basolateral membrane of epithelial cells. A diffuse cytoplasmic vesicular staining was also observed in epithelial cells and in colonocytes. This pattern is reminiscent to that of Lgl, of the Sec6/8 exocyst complex and of hDlg, which are implicated in vesicle trafficking and signaling (Grindstaff et al., 1998; Musch et al., 2002; Laprise et al., 2004) . The conserved localization of hScrib is not restricted to epithelial cells. hScrib has a presynaptic and postsynaptic localization in organotypic and cerebellar granule cell cultures very much like in Drosophila (Roche et al., 2002; Audebert et al., 2004) . As for LET-413 in C. elegans (Legouis et al., 2003) , we demonstrated that the LRR of hScrib are major determinants in the recruitment of this LAP protein at the cell cortex and we further determined the requirement of E-cadherin engagement in this process. The modalities of recruitment of LET-413 and Drosophila Scribble seem cell-context dependent since these proteins remain cytoplasmic when expressed in MDCK cells (data not shown) (Legouis et al., 2003) . In contrast, hScrib reaches the septate junctions and can partially rescue the defects of scribble-deficient flies (Dow et al., 2003) . Obviously, more informations are still needed to clarify the function of the LRR. Using truncated versions of hScrib, we identified the most carboxy-terminal part of the protein as a possible anchor to the membrane. Indeed, GFP-hScrib localized at the basolateral membrane and residues 1229-1630 are required for this process. Mathew et al. (2002) identified an interaction between the second PDZ domain of Drosophila Scribble and GUKH that is required for synaptic localization of the LAP protein at the neuromuscular junctions. Like in Drosophila (Albertson et al., 2004; Zeitler et al., 2004) , our data suggest a role for other regions than the LRR in the retention of hScrib at the cell periphery. Of note, Lano is retained at the lateral membrane but is not associated with in Triton X-100-insoluble fractions like hScrib (Figure 2d ). Giving the high identity between Lano and hScrib amino-termini, this difference is probably conferred by sequences downstream of the LRR region.
A recent paper has reported the downregulation of hScrib in invasive cancers of uterus cervix (Nakagawa et al., 2004) . In the lesions, loss of hScrib is probably due to the recruitment by hScrib of the E6 oncoprotein produced by HPV-16 (Nakagawa and Huibregtse, 2000) . In breast cancers, we observed a frequent negative expression of hScrib in lobular carcinomas. E-cadherin is absent in the majority of these tumors but it is not clear if a correlation exists between these two events. Transcriptional and post-transcriptional alterations may account for the downregulation of hScrib. Alternatively, loss of E-cadherin could impair the stability of hScrib leading to its degradation. Dlg is actively degraded in the cytosol through the ubiquitinproteasome pathway whereas it accumulates upon cellcell contact (Mantovani et al., 2001) . In cultured cells, we found no evidence that decrease of E-cadherin was correlated to loss of hScrib (data not shown). Future studies will have to determine how loss of hScrib may impinge on epithelial homeostasis and tumorigenesis and what are the molecular mechanism(s) involved in hScrib downregulation in tumors.
Materials and methods
Cell culture and protein procedures
Cell culture, transfections and protein extractions were performed as previously described (Borg et al., 2000; Audebert et al., 2004) . E-cadherin siRNA from Qiagen (Cancer siRNA Oligo Set) was transfected by Oligofectamine reagent. For calcium switch assays, confluent MDCK cells were grown on Transwell filters overnight. The day after, cells were washed twice with calcium-free PBS and were maintained in culture in DMEM (without CaCl 2 ), 10% dialysed serum, supplemented with 5 mM CaCl 2 . Filters were treated for immunostaining immediately (À) or after the indicated times in the presence of calcium-rich medium ( þ ).
DNA constructs
The KIAA0147 clone provided by Dr T Nagase (Kazusa Institute, Japan) encompasses most of the hScrib coding sequence. The 5 0 missing sequence was cloned from human breast mRNA by RACE RT-PCR using the Marathon kit according to the manufacturer's recommendations (Clontech). Site-directed mutagenesis was performed using the QuickChange kit (Stratagene). All constructs were sequenced by Genome Express, SA (Grenoble, France). hScrib, orthologue of the Drosophila suppressor gene C Navarro et al
Antibodies
Anti-HA 3F10 monoclonal antibody is from Roche. Goat anti-rabbit and anti-mouse IgG coupled to horseradish peroxidase were purchased from Jackson Laboratory and Dako, respectively. A polyclonal anti-hScrib antibody was produced by injecting the RALSPAELRALEAEK KLHcoupled peptide to rabbits and was subsequently affinitypurified on an Affigel-10 column (BIORAD). A monoclonal anti-Lano antibody was produced by injecting a soluble HisLano fusion protein to Balb/c mice. Anti-hScrib (C20) antibody is from Santa Cruz. Mouse monoclonal anti-Ecadherin and b-catenin antibodies are from Transduction Laboratories. Mouse monoclonal anti-ZO-1 antibody is from Zymed.
Immunolocalization
For immunostaining procedures, MCF10-2A, Caco-2 and MDCK cells grown on Transwell filters 3412 (Costar) were labeled as described (Borg et al., 2000) . Images were obtained using a confocal microscope (Leica TCS). Immunoelectron microscopy was performed as described previously (JaulinBastard et al., 2002) .
The construction, analysis of tissue microarrays and immunohistochemistry were performed as previously described (Ginestier et al., 2002; Bertucci et al., 2004) . A consecutive series of 547 women with localized invasive breast carcinomas treated at the Institut Paoli-Calmettes between 1981 and 1999 was studied using TMA. According to the WHO classification, there were 386 ductal, 72 lobular, 37 tubular, eight medullary carcinomas and 20 other histological types. The median age at diagnosis was 60 years, median age 60 years (range 25-91). A total of 258 tumours were associated with lymph node invasion, and 404 were positive for estrogen receptor.
